simulations suggest that the differences for the longer polyproline peptides can be explained by chain bending, which considerably shortens the donor-acceptor distances.
Introduction
Almost 40 years ago, Förster resonance energy transfer (FRET) was introduced in classic experiments by Stryer and Haugland as a "spectroscopic ruler" to measure distances in macromolecules (1) . Since then it has been used to address a wide range of biological questions (2) (3) (4) (5) . More recently, renewed interest has come from the realization that FRET can be used for obtaining distance information in experiments on single biomolecules (6, 7) , with a considerable body of work on proteins and polypeptides (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, it is well known from ensemble experiments that determination of distances from FRET can be complicated by dynamical effects, as well as photophysical, photochemical, and instrumental factors (25) . Are there additional complications in single molecule experiments on polypeptides and proteins?
To investigate this question, we have studied FRET between dyes attached to the N-and Ctermini of polyproline of various lengths. Polyproline, assumed to be a rigid rod, was used as a spacer by Stryer and Haugland to show that the rate of FRET depends on the inverse sixth power of the donor-acceptor distance, as predicted by Förster theory (26) .
FRET of individual, dye-labeled poylproline molecules freely diffusing in solution was investigated using a confocal fluorescence microscope setup (13) . If a molecule diffuses into the volume illuminated by the focused laser beam, the donor dye is excited. Depending on the distance to the acceptor, a certain rate of energy transfer results, which determines the FRET efficiency, calculated from the fraction of photons emitted by the acceptor. To test the accuracy of the single molecule results, we also determined FRET efficiencies from ensemble measurements of donor lifetimes in the presence and absence of acceptor using timecorrelated single photon counting (TCSPC).
Because the FRET efficiencies for the longer peptides were found to be considerably higher than those expected for polyproline treated as a rigid rod, we carried out Langevin molecular dynamics simulations of polyproline of varying lengths. The calculations show that the longer peptides are quite flexible, with end-to-end distance distributions and correlation times that can account for the observed FRET efficiencies.
Material and Methods
Peptide preparation. Polyproline peptides of defined length, containing 6, 9, 11, 12, 13, 15, 20, 23, 27, 33 and 40 Pro residues, respectively, were synthesized using standard FastMoc chemistry with a Model 433A peptide synthesizer (Applied Biosystems, Foster City, CA) on Fmoc-Cys(Xan)-Wang resin (Peptides International, Louisville, KY). We included an amino terminal glycine and the carboxy terminal cysteine residue, which react via their amino and sulfhydryl groups, respectively, with succinimide esters and maleimide derivatives of the dyes. After cleavage, the raw material was purified by reversed phase HPLC on a Vydac (Columbia, MD) C4 column (214TP1022) at a flow rate of 5 ml/min over 45 min using a linear gradient from 0.1% trifluoro acetic acid (TFA) in 10% acetonitrile/90% water to 0.1% TFA in 90% acetonitrile/10% water. Fractions containing the pure peptide as confirmed by electrospray ionization mass spectroscopy were lyophilized, dissolved in buffer and labeled with Alexa Fluor 488 maleimide (27) Confocal fluorescence microscope. Observations of single-molecule fluorescence were made using a custom confocal microscope as described previously (13) . A 1.4 NA, 100x microscope objective (Nikon CFN Plan Apo 85025) was coupled with immersion oil to one face of a sample cuvette, consisting of two fused silica coverslips (Esco R425025) separated by 180 µm glass spacers. Light from the 488 nm line of an argon ion laser (Lexel 95-5) was made circularly polarized using a single-mode fiber polarization controller (Thorlabs FPC560) and filtered (CVI F03-488.0-4-1.00) to remove unwanted luminescence from the laser tube discharge and optical fibre. The sample was illuminated via a dichroic mirror (Omega Optical 505DRLP) and the objective in a standard epifluorescence arrangement. Sample fluorescence, transmitted by the dichroic mirror, passed through a 100 µm diameter pinhole in the image plane of the objective. After further filtering (Omega 495AELP) to remove scattered laser light, the fluorescence was separated into donor and acceptor components using a second dichroic mirror (Omega 560DCLP) and two final filters (Omega 525AF45 for the donor and Gly and Cys residues to poly-proline modeled in a type II helix using the angular parameters derived from the crystal structure (28) . All simulations were performed using the EEF1
implicit-solvent energy function (29) implemented in the program CHARMM (30) . The EEF1 effective energy function involves a polar-hydrogen description of the peptide solute and a solvation free energy model. EEF1 has been successfully used to discriminate native protein folds from misfolded decoy structures (31) and in structure-prediction simulations of three peptides of known structure (32). Following minimization of the EEF1 energy to a root meansquare gradient less than 0.005 kcal/mol/A, the dynamics of each peptide were simulated at 298 K with a collision frequency of 50/ps applied to all heavy (non-hydrogen) atoms, the SHAKE algorithm (33) applied to the four bonds involving hydrogen atoms (in the terminal residues), and a 2-fs time step. Atomic coordinates were saved every 2 ps. Between 1.5 and 4 microseconds of dynamics were analyzed for each peptide.
Results
Energy transfer from the green-fluorescing donor dye (Alexa Fluor 488) at the carboxyterminus to the red-fluorescing acceptor dye (Alexa Fluor 594) at the amino-terminus was measured by determining the fraction of acceptor photons in bursts from individual molecules containing 100 detected photons or more, and constructing histograms of FRET efficiencies
, where E is the transfer efficiency, n D and n A are the numbers of counts in the donor and acceptor channels, respectively) calculated from the individual bursts. Figure 1 shows the results for a subset of the polyproline peptides investigated. As expected, the mean transfer efficiencies decrease with increasing peptide length. The histograms show a maximum at transfer efficiencies ranging from about 0.95 for the six-residue peptide to 0.2 for the 40-residue peptide (Figs. 1 and 2). The additional peak at a transfer efficiency close to zero is due to molecules lacking an acceptor chromophore, and was not included in the calculation of mean transfer efficiencies. The peak near zero efficiency increases with increasing laser intensity and with the size of the molecule, while in previous experiments (16) it was found to be virtually absent when the solution was flowed. These observations suggest that the acceptor chromophore undergoes a photochemical change before entering the confocal volume.
Surprisingly, even for peptides with more than 30 residues, a large amount of transfer was observed. Assuming the same rigid geometry of polyproline as observed in the crystal structure (28), these peptide lengths would correspond to end-to-end distances of more than 10 nm, and the resulting calculated transfer efficiencies for the dye pair used would be less than 3 %, which would be inseparable from the peak near zero efficiency. A comparison with the Förster curve assuming a fixed distance r between the dyes,
illustrates the dramatically increased FRET efficiencies for long polyproline peptides ( Fig.   2A ), where R 0 = 5.4 nm is the Förster radius (the distance of 50% excitation energy transfer)
for this dye pair calculated assuming complete orientational averaging of the dye transition dipoles (25) . This raises two questions. Are the single molecule FRET efficiencies accurate?
Is it valid to assume that polyproline is a rigid rod for the longer peptides?
A potential complication in single molecule experiments arises from differences in the photon collection efficiencies of the two detection channels corresponding to donor and acceptor emission. This effect can be corrected for by introducing into the equation used to calculate the transfer efficiency from the experimental data a factor that accounts for differences in the detection efficiencies of the emission channels and fluorescence quantum yields of the dyes (34) 
The result shows a decreased FRET efficiency for small distances ( Fig. 2A) , providing an upper bound on the influence of a lack of orientational averaging.
The larger discrepancy with equation (1) is observed for the longer polyprolines ( Fig.   2A ). To investigate the influence of the polypeptide bending, which would bring the dyes closer together, providing an explanation for the higher FRET efficiency of the long polyprolines, we performed Langevin molecular dynamics simulations. Trajectories of several microseconds were computed for a range of polypeptide lengths. The simulations included the glycine and cysteine residues at the termni, but not the dyes. The starting structure was a polyproline type II helix modeled according to the crystal structure (28) . The simulations reveal considerable bending of the peptides, especially for the higher oligomers. Because of the strong distance dependence of Förster transfer, this will make a significant contribution to an increase in transfer efficiency between the dyes on the termini, particularly for the longer peptides. The ends of the polypeptide containing 40 proline residues, which has a contour length of ~12 nm, can get to within ~6 nm in the simulation (Fig. 3) , corresponding to an increase in the (instantaneous) transfer rate by a factor of ~2 6 .
The 
where r is the end-to-end distance, l c and l p are the contour length and the persistence length of the chain, respectively, and N is a normalization constant. The fits of the wormlike chain model to the data give a persistence length of 7 1 nm. (Fig. 3) . The apparently smaller persistence lengths for the shortest peptides may be due to the larger deviations of the fits at the short distance ends of the distributions. where P(r) is the normalized inter-dye distance distribution and a is the distance of closest approach of the dyes. In all cases we used the normalized end-to-end distance distributions from the molecular dynamics simulations, P(r) (Fig. 3) and the theoretical isotropic probability density p( 2 ) to calculate the mean transfer efficiencies for the polyproline peptides studied by simulation.** The results are plotted in Figure 2B and illustrate that the flexibility of the chains results in markedly increased transfer efficiencies compared to those calculated for rod-like molecules ( Fig. 2A) . Moreover, they demonstrate the strong influence of the different dynamic regimes. Considering that c << f and p f for the longer oligomers, we expect the corresponding experimental results to be in the range of the values calculated with Eq. 4 and 5. The static limit (Eq. 6) will only be relevant for the shortest peptides. All in all, chain flexibility and dynamics account well for the experimentally observed mean transfer efficiencies.
We should mention that in the simulations of the 30-and 35-mer, sudden transitions to long-lived kinked structures were observed but were excluded from our analysis (Figures 3,4) .
We suspect that these structures are an artifact that reflects our use of an implicit solvent model and will require further investigation with explicit solvent. Such structures would increase the calculated mean FRET efficiency, bringing the calculated values in even closer agreement with the observed.
Discussion
To determine whether Förster resonance energy transfer (FRET) measurements can provide quantitative distance information in single molecule fluorescence experiments, we have measured the FRET efficiency for donor and acceptor dyes attached to the ends of freelydiffusing polyproline molecules of various lengths. Polyproline, the stiffest homooligopeptide (38) , forms a type II trans helix with a pitch of 0.31 nm per residue in aqueous solution (28) , and its conformation does not change upon addition of denaturants (13) .
However, our experimentally observed inter-dye distance dependence of the mean FRET efficiency differs greatly from the predictions of the simplest Förster formula, Eq. 1, assuming a perfectly rigid rod for the polyproline spacer and fast, isotropic rotational averaging of the chromophores (Figure 2A ). For peptides with a length much shorter than the size of the Förster radius, too low a transfer efficiency is observed; for longer peptides, the transfer efficiency is substantially higher than expected for a rod-like behavior of polyproline. The differences are not a result of inaccuracies in the single molecule measurements, since the mean efficiencies have been confirmed with ensemble lifetime measurements Two factors may contribute to the deviations for the smallest oligomers. One is the lack of orientational averaging during the donor lifetime, as indicated by the decay of the anisotropy (inset to Figure 4) , so that the average angular factor 2 < 2/3. Our calculations (equations 2 and 6) provide an upper bound on this effect, and the experimental data are well within the expected range (Fig. 2) . The second is the breakdown of the point dipole approximation of Förster theory, which requires that the size of the donor and acceptor be small compared to their intermolecular separation. In the present case, the lengths of both donor (0.7 nm) and acceptor (1.2 nm) dyes are not small compared to the length of the 10-residue polyproline spacer of ~3 nm. The point dipole approximation leads to the important property of the theory that all of the parameters can be directly calculated from experimental measurables. If this is not true, the rate must be calculated from a detailed quantum mechanical treatment of the Coulomb interaction between the charge distributions (39-41), which is not nearly as reliable and could lead to either a faster or slower rate of excitation energy transfer, i.e. either a higher or lower FRET efficiency than predicted using the point dipole approximation. 
